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NASA Contract No. $-49296(G)
Measurement of the Velocity of Light _ *

I. INTRODUCTION

Recent developments in different fields of experimental research make
it appear possible to measure the velocity of light with an accuracy sur-
passing that of previous measurements by several orders of magnitude. The
present probable error is about 3 parts in 107.

1) Continuously operated (CW) gas lasers provide for radiation
sources which under proper conditions can achieve linewidths of a few Hz,
short term stability of the order 5 kHz and wavelength resettability of a

part in 109 1’2,

2) 'The technique of optical cavities (Fabry-Perot interferometers)
has progressed so far that interferometers of a few meters length can be
made with a finesse of a few 100 3.

3) Detailed calculations indicate4 that by the use of a traveling
viave photocathode ray tube optical beat frequencies up to 1012 Hz can be
accurately measured, provided the response time of composite rhiolocathodes
is significantly shorter than 10-12 sec.

With the use of the above techniques the velocity of light can be
measured with a precision of about 1 part in 109 or better when an inter-

ferometer of one to two meters 18 umed. It must be emphasized that the

above pracision corresponds to limitations inherent in the equipment,
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while the accuracy of the measurement is limited by the present length
standard, The accuracy of the presently accepted Xr86 wavelength standard
is about 1 part in 108. A factor five improvement could be made using a
Hg198 wavelength standard. :Because of these limitations imposed by the

length standard, efforts aiming at higher accuracy are meaningless unless

a new length standard is developed.

Outline of the Velocity of Light Measurement

The measurement of ¢ is based on the//

1) Measurement of the beat frequency, V1~Vys between two laser lines,
and on the

2) Simultaneous measurement of the wave number difference kl-kz,
between the same two laser lines.4

The basic equation to obtain ¢ is

L L

v,-v., = c(
1 "2 Xl Xz

= c(kl-k2)

and the relative accuracy in ¢ is

8Cvy-vy)  8(k -K,)
+

8c .
c kl-k2

Vi7"2

An important conclusion can be drawn from Eq. 2. If the beat frequency,

Vi=Vps is maintained constant in the experiment, kl-kz, the wave number

difference to be measured, is also a constant. Thus, efforts in the experi-
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ment should be directed toward stabilizing the light source to a constant

- beat frequency and measuring the corresponding constant difference of the

wave numbers, rather than the wave numbers themselves.
A second important conclusion is that if 2 and v, are generated in
the same laser cavity, the fluctuations in ViV, and, therefore, k -k

12
are correlated, thus,

- 2
V1Y, v v,
and 6(k1-k2) 6kl . 6k2
ky 7k, ko Ky
V. -y
1 2
or 6(v1-v2) ~ W 5v1
k. -k
1 2
and G(kl-kz) ~ k]_ 5k1

This ccrrelation reduces the requirement of the absolute stability of the
laser lines and is of fundamental importance in obtaining the desired pre-

cision in the measurement of c.

I1. DETERMINATION OF kl-kz.

The total uncertainty in the measurement of (kl-kz) is

M w9k SL 9
kl -k2 7Tk L LF (kl -kz)



-4-

where the first term on the right represents the relative fluctuation of

| the correlated laser lines k1 and k2 and ‘the last two terms represent

fluctuations in the interferometer used to measure (kl-kz). F represents
the finesse of the interferometer and q is a measure of that fraction of
the finesse curve that can be reproducibly determined. By taking full
advantage of the correlated fluctuations of kl-kz resulting from fluctua-
tion in the laser and the passive Fabry-Perot, a direct measurement of
kl-k2 could be made with a precigion approaching 1 part in 10ll based on

the expected signal to noise ratio. The accuracy of the measurement of

kl-k2 therefore depends on limitations imposed by systematic errors.
In addition to the errors discussed above, we must consider the

error involved in the diffraction phase shift associlated with the

measurement of kl—k2 and errors due to irregularities in the mirrors.

These effects are currently under theoretical and experimental study in

order to more precisely determine the nature of these errors.

III. EEAT FREQUENCY DETECTION:

In addition to the measurement of the wave number separation kl-kz,

-

the beat frequency VTV, = c(kl- 2) must be accurately determined. The
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details of the frequency measurement procedure are given in Appendix I and
will be outlined here.

We consider a photocathode-ray tube with a serpentine traveling wave
deflection system. The two frequencies 2] and vy having a frequency
stability of 5 kHz strike the photocathode. Because the photocathode is
a square law detector the number of photoelectrons emitted is proportional

to

2 2 2.2
E° = (E;+E,) E, “+E, "+ 2E, - E,

When E2 is time averaged over an optical period, and E1 = E2 - Eo’

E> = E02 {1+ cos[?n(vl-vz)t+m]}

12 Hz. The modulated electron beam is then accelerated

( - ~

where (v, v2) ~ 10
and enters a traveling wave serpentine deflection system operating at a
frequency ng_lolo Hz and is focused on a fluorescent screen. Since the

electrons are modulated at a frequency (vl-vz) and deflected at a fre-

quency ( the resulting pattern on the screen is a series of n dcts, where

Y,V

Q

1 2

n =

If n is sa integey th. <ot pattern will be standing, otherwise, it is a
running psttern. Suct z running pattern can be viewed through a screen

which has n_ cpenings “here n_ is an integer, say the nearest integer to
o ; o
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vl-vzln° The running dot pattern can then be detected with a photomul-

tiplier at a frequency
+ - -
o= n Q (vl v2)

By measuring the frequeqcies u and (), and knowing n_, the photobeat
(vl-vz) cern be determined. Detailed calculations in Appendix I show that
(vl~v2) van be determined unambiguously by sweeping () over ~ 1% of its
central value.

Tha e ted ancuracy of the measurement of V1TV is shown in

Appendix I to be of the order 1 part in 1010. Since 21 and v, come from

the same iaser, the uncertainty in ViVy is
5 (v -v.) o vty
STl T2 v
, 1
12

If v, ~ 3:.‘L014 Hz, v

1 “Vy = 10™" Hz, and §v

15 kHz, then

1 1

5(vl-v2) -+ 30 Hz

Here we apuiln see the importance of :he correlated fluctuations of V1 and

v, when :te ave derived from the sar: laser cavity. The frequency () has
a 3tabii.o cxcecding 1 part in 1010 and will be discussed below. pu can

ba maniusces with un sceurac of £ 1 ilz so that (vl»vz) should be accurately

known to U osart in 1010 or better.



IV. EXPECTED ACCURACY

The uncertainty in the measurement of the velocity of light is given
by
_ G(Vl‘VZ) 6(k1‘k2)

+
2 k, -k,

se
Cc | Pl 4

1

The uncertainty in the measurement of v is expected to be 1 part

17%2
in 1010 as discussed in Section III and Appendix I.

The uncertainty in the measurement of kl-k2 is discussed in Section II,
It is expected that this uncertainty will be limited by systematic errors
such as the errors involved in the diffraction phase shift ccrrection for
kl-k2 or in wirrcr irregularities. It is reasonable to expect that the
accuracy in the determinaticn of kl—kz could approach 1 part in 1010.

The most serious restriction on the accuracy of the c measurement is
the limitaticn of the currently accepted length standard. The wavelength
of either )\, or xz must be compared with the Kr86 wavelength standard and
the accuracy of this determination is limited to one part in 108. Any
greater accuracy than this means that a length standard differing from
the internationally accepted one be used. Standards reproducible to
better than 2 parts in 109 have yaet to be developed. It may be desirable

to regard the measurement described above as a new length standard if

other approaches do not prove fruitful.
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Progress Report

A High Frequency Phototube

The photocathode-~ray tube which 1s to be used in the measurement of
the terahertz photobeat is being constructed on a contractual basis by
Edgerton, Germeshausen & Grier, Inc. located in Bedford, Massachusetts,

The current status of the phototube is that a prototype is to be delivered
on or about August 1, 1965. Several technical difficulties involving the

photocathode deposition and deflection system alignment have occurred and

have been eliminated.

B 10 Gc Deflection System Power Supply:

The 10 Gec/s deflection system power supply has been completed, tested,
and delivered. The system has been checked for phase, frequency, and
power stability and has met all the specifications required for operating
the deflection system of the phototube such that the accuracy of the
driving system frequency is better than 1 part in 1010 at an output power
of 500 watts. Figure 1 shows the deflection system power supply apparatus.

C Stability of the lasers

It was stated in section III of this report that with a stability of
15 kHz for 121 and Vs V1TV, has a stability of ~ 50 Hz. It is therefore
necessary to show, that this stability exists. Figure 2 shows a photo-
graph of a sound shielded room in which two 1 meter intern;l mirror lasers
are mounted on an isolated table. The free running stability of these
lasers is determined by photomixing the single mode output at an approximate

1 mHz offset and looking at the frequency spectrum of the photobeat.
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Figure 3 shows typical frequency spectra of the beat note which indicates
that the short term (1 sec) free running stability of the lasers is
between 15 and 50 kHz. It is important to note that the independent
fluctuation rate of the two lasers 1s less than 3 kHz and that the output
is virtually free of fluctuations when the beat frequency is observed in
a time comparable to this rate. The observed fluctuation and fluctuation
rate should be adequate for the preliminary investigation of the high
frequency photobeats.

A more serious consideration is the long term stability of the lasers.
In order to insure that the laser lines do not drift over a large fre-
quency range in a period of an hour or longer, one must stabilize the
laser cavity to some characteristic point on the atomic transition. Such
a characteristic point is the center of the "Lamb dip" which is shown in
figure 4 which is a graph of the output power as a function of the
frequency difference (VL-vc) where L is the laser frequency and Yo is the
frequency of the center of the atomic line center of the laser transition,
One can alsc use the dispersion of the "Lamb dip'" in order to set to the
center of the laser transition. The dispersion is obtained by modulating
the inversion density of one laser, The output is observed by photomixing
the output of this laser with a second laser which 1s slaved at a 10.7 mHz
offset. The detalls of this technique are given in Appendix II for the
1.15u neon transition. An error signal can be developed by phase detecting
the frequency modulated output resulting from the modulation of the inver-

sion density which is used to stabilize the laser to the line center. The
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advantage of this method of stabilization is that the output of the slaved
laser, locked 10.7 mHz from the line center, is constant in amplitude and
frequency.

This locking technique has been used to stabilize the output of a
pair of lasers with a long term stability of 1 mHz.

D 30 Meter Interferometer

About the same time that development of the photocathode-ray tube was
started, work was also begun on the construction of a 30 meter long vacuum
Fabry-Perot interferometer. A location in an unused mine about five miles
west of Boulder was chosen in order to minimize man-made disturbances and
to maximize the thermal stability. Construction of the interferometer was
started: a) to make sure that a substantially improved speed of light
measurement can be achieved even if some unexpected limitation such as a
gignificant time spread in the photocathode emission should prevent the

detection of beat frequencies approaching 1012

Hz with the photocathode-
ray tube; and b) to investigate the systematic errors involved in
measuring kl-k2 in order to help in determining whether, for a beat fre-
quency of abo&t 1012 Hz, a substantially better measurement can be made
with the 30 meter interferometer than with a considerably shorter device.
Because of the supporting nature of the long interferometer part of the
speed of light project, it is being carried out with a considerably lower
level of effort than the high frequency phototube part. A large amount

of the work has been done by University of Colorado graduate students.
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For a long interferometer it seemed difficult to mount the end mirrors
from a spacer which is isolated from the earth as is usually done for one
or *wo meter interferometers. Instead, piers to hold mirrors have heen
installed in holes drilled in the granite floor of the mine tunnel at each en
end of the path. The vacuum boxes mounted on the piers are isolated from
the pipes connecting the boxes by flexible bellows. With this arrangement
the stability of the mirror separation is determined mainly by the stability
of the rock. Known sources of fluctuations in the pier separation are:

a) microseisms caused by storms in the oceans which give variations at
frequencies of roughly 0.1 to 10 Hz with an expected amplitude of about

1 part in 1010 in Colorado: b) rock tides (also called solid earth tides)
caused by the moon and having a 12 hour period and an amplitude of
roughly 5 parts in 109.

Preliminary measurements with the 30 meter vacuum Fabry-Pernt inter-
ferometer have been made using temporary mirrors of 1/20 wavelength
- ality and 50 meter radius of curvature. 6328 A light from a helium-
wzon laser was approximately matched into the axial modes of the inter-

cometer and fringes were observed in the transmitted light by modulating
rue laser frequency at several hundred Hz. The observed finesse was
about 30, corresponding to an interferometer mode width of about 150 kHz.
Gaeful measurements of the path stability have not yet been possible
bscause the laser used so far has some air in the path between the mirrors
x> is therefore subject to frequency fluctuations as the atmospheric
density changes. However, the observed short term fluctuations in the

r.-inge position are consistent with the expected microseism amplitude.



-12-
Plans for next Contract Period
A) High Fraquency Phototube
The schedule for the next contract period is as followé:

1) It is expected that an experimental investigation to detect
laser beat frequencies will begin immediately and that preliminary
results of this investigation shall be obtained by January 1, 1966.

2) Assuming that the laser photobeat experiment is successful,
a preliminary measurement of the wave number separation of the two laser
iines will be made. At the same time, investigation of the diffraction
phase shift corrections will be pursued.

B) 30 Meter Interferometer

During the next year we hope to make measurements of the path
stshility by locking the laser to a stable 30 cm interferometer located
6 the vacuum and then observing changes in the long path fringe position.
s 2180 plan to measure the whole fringe number for the long path by the
-« tnique of optical multiplication. Hopefully, results with the High
* -sguency Phototube will be availatle by the end of the year end will

msce possible a decision on whether to speed up work on the !wuug path.
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1. — Introduction.

The coherent output from a continuous He-Ne gas laser [1] can be used
as a radiation source for the development of long-range interferometry. Inter-
ferometer fringes have already been obtained for optical path differerces up
to 200 m[2]. The experimental results of Javan indicate that with sufficient
mechanical and thermal isolation one can achieve linewidths of a few Hz,
stability of the order 5 kHz and wavelength resettability of a part in 10°[3].
With such a source, the limitations of any interferometric study a:e instru-
mental.

Because of the coherence of the laser radiation it is possible to measure
accurately the beat frequency between two laser lines using phctemixing
techniques [4]. Detailed calculaticn; presented below show that by vhe use
% 1 traveling-wave cathode-ray tubn beat frequencies np to the order o7 101*Hz
can be accurately measured. With the interferometric study of the corre-
«ponding wave-number difference ¢ precision of one part in 108 for the 1 elocity
of light could be achieved with o vpath length of a few meters.

2. — General description.

The experimental involves measuring the wavelength of a stabilized He-Ne
laser with respect to the wavelength standard, measuring the difference in
wavelength between two laser lines, and measuring the difference in frequency
hetween the same two laser lines, If we have two lines which are closely
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Spaced, 4, and 4,, the frequency and wavelength in vacuum are given by

vy =¢lA, vy=¢[hy,
therefore
1 1
or
A2
A'V = C m
and
A
C= [Y;‘: Allg
or
A
(1) 0= A—;’L AL - A

This is the basic equation in which 4;, A4, and Ay are to be determined.
It will be more convenient to express eq. (1) in terms of the beat frequency
Av = w and the wave number separation K = k, — k, where % = 1/1. Therefore,

() ¢c= /K.
The uncertainty in the measurement of ¢ is given by

ce

¢ ow , oK
c

TR

The uncertainty of K is discussed in the next Section. The uncertainty
with which one can measure » will be discussed in Sect. 8.

3. — Wavelength measurement.

" We wish to consider an evacuated Fabry-Perot scanning interferometer
for the measurement of K. The difference A, — 4, would be measured with
linear scanning techniques which have been used successfully in the measure-
ments of isotope shifts and in the comparison of spectral lines with the krypton
standard. The linear scan could be accomplished with magnetostrictive invar
spacers, or by changing the index of refraction in a linear manner [5].

23 - Rendiconti S.I.F. - XXXI.
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The uncertainty in the measurement of A, with respect to the length standard
depends, of course, on what is used as the wavelength standard. If 4, is
determined with respect to the krypton standard, an uncertainty in the meas-
urenment of i part in 10° is expected [6]. The precision with which one can
measure Ad==1,— i, depends on the spectral range and the finesse of the
iaterferometer.

The instrumental linewidth of a Fabry-Perot interferometer is given in
cm~! by A =1/2LF where L is the spacer length and F is the finesse. If &
vepresents that fraction of the linewidth which can be determined reproducibly,
the uncertainty in determining K is 8K = &4. Therefore

. S & &
(3) K " oFLK - ‘iFLe"

One sees from eq. (3) that:

1) For given values of SK/K, F, and & the precision of the measurement
ix determined by the product Lw. Therefore, the higher ¢ is, the smaller L
1as to be. For example, if 3K/K =10-%, F=100, and § = 0.01 in the region
from 1.0 pm to 1.2 um [7], then for w==10" Hz, L must be 150 meter whereas,
for o==10'2 Hz, L= 1.5 meter.

2) For given values of L, F, and & the precision of the ¢ measurement
increases in proportion to the beat frequency w.

We shall therefore attempt to measure the highest beat frequencies pos-
sible (i.e. 1012 Hz). The laser lines of interest in the He-Ne system are listed
in the following table{8]:

Laser lines K )
(m) (cm™) (-1012 Hz)
iig; 58 1.66
i "
e :
1141 » s
i:}gé 9.3 i 0.28
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4'L. Frequency measurement. — The measurement of a 102 Hz beat fre-
quency requires means exceeding common techniques. The frequency range is
a factor 50 greater than frequencies which have been measured with photo-
surfaces to date[+] and is considerably beyond the present capabilities of
microwave technology. We wish to examine in detail the possibility of meas-
uring such frequencies using traveling-wave cathode-ray tube techniques.

Basically, the measurement is visualized in the following way. The two
laser lines of interest with electric field strengths

E, = E, cos 2nvt + ¢) ,
E, = E, cos (2mv,1) ,

are focused on a photocathode. Since the photocathode is a square-law detector,
the number of photoelectrons emitted per unit time is proportional to

E* = (E,+ E,)* = E} + K.+ 2E,-E,
er .
L* = Fi{cos? (2mvt + @) + cos? 2mwv,t +
+ €08 [27(v; — %)t + @] + cos[2n(n, + w,)t + @]} .

The optical frequencies », and v, are ~3-10"* Hz and the beat frequency
p,—vy ~ 102 Hz. If E® is time-averaged over an optical period then [9]

(4) B2 = E3{1 + cos[2n(», —»,)t + @]} = EA{1 + cos (2nwt + ¢)}

and Ez is 100%, modulated (assuming
equal amplitudes E, of electric fields A
#, and E,). The modulated electron
beran is now aecelerated and enters . .

into a traveling-wave deflection system . .
aperating at the driving frequency
2~10%Hz and is then focused on a . /{a _ ot .

fluorescent sereen. Since the electron > X

Fig. 1. — Schematic representation of the . .

intensity-modulated cathode-ray spot. The R .

dots along the x-axis represent the projec-
tion of the circular dot pattern.
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.peam is modulated at frequency w and deflected at frequency 2, the resultant
display on the screen will be intensity modulated.

In the ideai case of appropriately phased simutaneous X and Y deflection,
the cathode ray spot on the sereen moves on a circle with frequency Q (see
Fig. 1). Because oi the intensity modulation of the beam at frequency w,
there will be /€2 =n light spots on the screen. If n is an integer the spot
pattern is standing, otherwise it runs around the circle. Such a running pattern
can be viewed through a mask which has »n openings where n is an integer,
suy the nearest integer to /2. The number n will be referred to as the mask
number.,

Congider a mask made as a film with a transmission for light (from a
fluorescent screen)

() o = }(1 - cos na)

where o is the polar angle around the center of the circle (Fig. 1). Such a mask
will multiply the sweep frequency Q2 by n. With no electron-beam modulation
{ == 0), a photocell mounted to view the total fluorescent light intensity from
the pattern through the mask would, in principle, have a respdnse at the
frequency nf2. When the electron beam is modulated according to eq. (4)
the total light intensity seen through the mask is

I = }1,[14- cos 2zt + @)][1 4 cos 2anft] =

= 1I,{1 + cos (2mwt + @) + cos 2ant +

+ tcos[2n(w -+ w0t + @] 4 L cos[2a(w — n)t + ¢} .
This expression must now be averaged sver a time equal to the response time
of the fluorescent sereen which is much longer than the period 1/w but shorter

“tan the period 1/ -—n). Therefore, a1l oscillatory terms except the last
term will average to zero and

() I = 31,{1 4 } cos[2m(w — n2)t + @]} .

It v —nQ =40 the poitern is standing and the intensity can be anything
briwenn 11, and 31, depending on tha value of the phase constant ¢. Tt
o~ n220, I oscillates with a frequency

tu=w—nl.

Since the mask number n is a fixed parameter chosen for the experiment,
v van be deternsined by measuring g and 2.
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In the proposed measurement it is assumed that w~ 10!z Hz, n =100,
2~10"* Hz can be varied over ~19%, of its center frequency so that the
frequency g {c.g, 10* Hz) can be fixed by applying a narrow band filter to
the output of the photomultiplier. In this case there are two values of (2
for which the filter responds:

nQ,=w+u, nR_=w—uy.

Therefore
(7) o=nl=n [&i%]
2
and
(8) Q,—0_=2%,
n

Measurement of 2, and £2_ for a fixed frequency u determines w unambigously.

It must be noted that the appearance of a unique doublet is bound to the
conditions of the ideal experiment, that is, pure harmonic modulation of the
beam and pure harmonic transparency of the mask. Departures from ideal
conditions of modulation are discussed in the Appendix.

It is interesting to point out that in the measurement of the frequency u
the current of the photomultiplier is integrated over the response time of the
low-frequency filter. This charge-accumulating feature of the experiment helps
decisively in improving the signal-to-noise ratio appearing in the output, as
compared to that existing in the photocurrent of the cathode-ray tube. For
a photocurrent of 101 electrons/s, there is on the average only 1 photoelectron
appearing in the period of 100 beats while the relative fluctuation in the out-
put current, with a filter bandwidth of ~ 10® Hz, is only ~3 parts in 104
(ef. Sect. 6).

4°2. Application to one-deflection system. — In the proposed experiment the
dedection will be restricted to one dimension (call it X) therefore the circular
ro*icn of the spot must be projected on the X axis (Fig. 1)

X
(" X=Rcosu, cx=cos—1§.

*

The mask is now aligned along the X axis and its transparency o is a func-

.’[

| =

(10) 0=

«

o
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representing a wave structure in
which the wavey are compressed at
each end (Fig. 1 and 2). Since in a
_ full sweep period (x changing from 0
to 27) the beam spot passes twice

e

= along the mask, the number of waves
= in the mask is n/2. It is reasonable
] now to choose n as an even integer

Fig. 2. ~ Mask used in the model experiment. in order to avoid half-waves in the
The mask was made from a photograph of magk. It is also desirable to make
a standing-dot pa.ttm-n by modulating the the transparency function symmetric
beam of a Tektionix Model 533 cathode-ray .
tube at the frequency w = 10° Hz and around the center of the mask. Thiy
deflecting the beam at the frequency condition is satisfied if the mask
Q =: 10 Hz. The mask number is » = 100, number » is a multiple of 4.

5. — Analysis of cathode-ray-tube response.

Thus far, we have assumed that the response of the photocathode of the
tube is sufficiently fast to modulate the electron beam with frequencies up
to 102 Hz. We now wish to analyse this problem in detail.

5°1. Correlation time of the electron-photon interaction. — PERSHAN and
BLOEMBERGEN [10] have estimated this interaction time in metals to be of
order 7-=10""gecond at room temperature. This means that modulations
(beats) in the light intensity can be detected up to 1/t =10 Hz. Corre-
sponding interaction times are not known for composite photolayers (Ag-O-Cs
cathode) but we shall assume them to he similar to the above figure for pure
metals. Therefore we do not expect the electron-photon interaction time to
be o limitation in this experiment.

59, Trensit-time spread in the photniayer. — If there is no delay due to
electron secttering within the lattice, the electron which absorbs 1 eV inside
the layer must traverse a typical layer thickness for the photocathode of
1) e the time

X 150-10-" em

e —— - > 3107V s
0} 5-107 cm/s

1 =

This transit time will have a spread since the electrons are not all traveling
normal to the surface and not all electrons traverse the full thickness of the
layer. However, the average spread can be expected to be less than 10-* second
whieh would represent an upper frequency limit in this measurement of 10'2 Hz.
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5°3. Velocity spread of photoelectrons. — There is an energy distribution of
electrons emnitted from the photocathode which causes a spread in the electron
binching @ nd radaeae the percentage modulation. We shall assume that the
energy disiribuvion of pacioelectrons emerging from composite photocathodes
is similar to the distribution for the alkali metals. Since we are interested in

the normal energy distribution in the vicinity
of maximum energy, we shall use the theory
of DU BRIpGE[11] which applies to this situ-
ation for pure metals and is confirmed by
precise experiments on potassium [12]. The
maximum energy attainable is given by

Ep=hy—Pe,

where @ is the work function. In our case
hw~1eV and @~ $V[13] thus &.~}eV.
We take the distribution of « normal energies »
which is a linear curve at 0 °K with the peak
at zero energy. At room temperature the max-

aIﬂ
energy

¥ig. 3. — Normal energy distri-
bution of emitted photoelec-
trons according to DuBridge’s
theory. The solid line repre-
sents the distribution at ° K.
The dashed line indicates the
distrihution at room tempera-

ture.

imum of the distribution is shifted to slightly higher energies (Fig. 3). Since
the half width of the energy distribution curve is about the same at absolute
zero and at room temperature the absolute-zero distribution will be used in

order to facilitate calculations.
The linear energy distribution function is

2

(11) W(E) = 5

(Bu— &) .

The velocity distribution is obtained from the energy distribution

p(v)dv = W(&)d&

and 3 Mv? == &, where M is the electron mass:

o p(v) = 4jri[vd v —v°].

The problem of spread will now be analysed on the energy scale and the

veiocity scale,
1) Rnerey seale:

Em

(13) & :(2/(;';)[(&5;"-— &)A€ =1/38,,

[
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(14) @:(2/@:,)/(€z£”,nﬁa)dg= 1/662
(1) AT (@] = - DA = s
and

(16) rm.s. A6~ }¢8,.

2) Velocity seale:

Ym

(13a) D= (4/1),‘,,)[(17,2,,?;2— v do = 4(1/3 — 1/5)v,, = (8/156)v,,
9

(11a) o2 = (4/v4) [(vf,‘ P — o) do = 4vi(1/4 — 1/6) = (1/3) 22,

(15a) Az = 71— 0% = v (§ — 64/225) = (11/225)v2 ~ (1/20)v

(16a) ran.s. Av ~ (1/4¢.5)v

For both the energy and velocity distribution the r.m.s. spread appears to
be about } of the maximum value. Thus the spread in the electron bunching
corresponds to 2 Xv,/4 = v,,/2 rather than v,. The detailed calculations will
now be applied to the geometry of the cathode-ray tube where the photo-
vlectrons are accelerated over a short path L and fly over a long path through
ihe deflection system with uniform velocity.

The time-of-flight spread caused by the initial velocity distribution will
he calculated for a uniform acceleration over a distance L and an initial
energy & for the electron. Then

where ¥, is the muximum energy attained by the accelerating electron and

2 2 (X &\
1) [ Vﬁl o+ (?)%’ ur 0= V*M ( -+ I:,;,) . ~

z
The time of flight T' = [dxfv and
0

L
LMY &Nt M &
e G ) =] 5

0

s e et - e
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\ﬂd
9 .. -
19) . 70[1+“m l/E]
e e
L :0) o 2L

0

V2R, | M

is the time of flight for & =0,

For our case &,=%eV and E, — 2.5-10* eV so that the term linear in
£/F, iz negligible compared to the square root. Therefore

(21) TQT‘,(I—V—ESD):TO(]—I;)),

=here 1V, is the speed corresponding to the energy E,.. The maximum value
«f the last term is

&N 1 L
(22 — - -10-2
2 (E) = [ =5

and the maximum time spread during the acceleration is for L =1 em is

riter the acceleration the electrons emerge with a velocity

o oq/2 - &\t
- M(F,ﬂL P (1+ ) :

~T, 14— ! g))

Lo rime of dight over the distance D from the accelerating clectrode fo

Jerg IS
41 D 'D ] (sa
lp:-f;:——ﬁ;(l——'g]qm) .

Jhe maximum deviation from the time of flight corresponding to & = 0 is
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For our case D~50 ¢m, V,,~10 cm/s, and &/E,, = 10~"%;
AT, =2.5-10"15

which is vegligible when compared with eq. (23). We therefore conclia ihint
only the time-of-flignt soread brought about during the process of acceleraiion
is of importance. This spread is (eq. (21))

X v 2L L
(.Ha) AT:TOTm‘-’-ViU:M—E—mv.

For a given v this spread is proportional to L/E,,, i.e., inversely proportional
to the accelerating electric field strengths. Since ¥, determines the 1inal
electron velocity and this has to be tuned to the propagation velocity in the
traveling-wave deflecting system, there is probably not much choice in the
value of E,,. One possibility of diminishing AT is to choose L as small ux
possible. Another possibility of decreasing the time-of-flight spread is winen
by the use of a nonuniform accelerating field, such that the electrie field strengih
is made larger in the vicinity of the cathode. This can be achieved by the nxe
of a curved (e.g., spherically shaped) cathode. In the case mentioned above
(distance between cathode and accelerating electrode L= 1 cm, ¥, = 23 keV')
a curvature of the cathode of 1 cm radius makes the field at the cathode twice
the previous value, or 50 kV/em. This field strength is still tolerable for teld
cmission, which sets in above 100 kV/em, and it is preferable with resnect to
hreak-down as compared to the uniform field with L=} cm. The maviritm
time-of-flight spread would be %-10~12 s in this case, permitting higher-freaneney
operation of the tube.

The influence of the time-of-flight spread on the modulation intensity wis!
row he calculated. If &= 0 the intensity is

I = I,[1+ cos2zwt]
at the cathode ard
I = [[1-+ eos 2t — Ty)]

av the accelerating electrode. If &0, v4 0, then

r v
(25) PR }, © -, COS 27{('){’:‘* TO (l - ’}—)}] .
L Vi

T the ease of v variable, the cosine termn must be integrated aver the velo oy

<o
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distribution and

om

Ity=1, [1 + f cos 2w (t’ + To-;,)—) q;(v)dﬂ] ’
0

where ¢'=1t—T,. The second term within the bracket is

L ¥m

j(p(v) €08 2mw [t’—{— To—;;—] dv == cos wl.'/(p('v) cos 2T, T/,— dv —

[ 0

¥m

- L v - .
-—8in wt’fqv(z‘) sin 2muTo? dv = a co8 27wt — B sin 2rwt’ = y €08 (2nwt’ + @) ,
0

where

(26) = —f(v v — 0%) cos wTo V ,
(27) ﬁ~——fv v — %) sin T, — V dv
and

(28) y=Vart g

'S the amplitude of the modulation.
With the substitution
0T,

7 ? = mw AT,

ETm Em
P

r=2n

4 4 [ :
a.—:—zlmcoswdm—;- a® cos xdx ,

Ty ™

Zm €m

4 . 4
f=—5|zsinsde— — {2*sinzdx .
Ly Zon .

[

After calculation of the integrals one obtains
24 24 8 4 24
w=Spoimant - G] eosan [5+ %)

24 87 . 24
ﬂ: ;‘——-F SIHE,,,—FOOSJ/‘m-

T 'm, '™
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‘The caleulated values of «, f, and y for several values of @ are given in Table I.
In Fig. 4 y is plotted vs. z,,. The value z,, = 2x’ dori'esponds to AT, = %-10"128
as given in eq. (23) and © = 1.6-10'* Hz.

100 b,
BoF N
260 \o
40 . \0
20 S~
ol U
n/2 n 3In/2 2m In 41T
2n(A T, /1)
/4 /2 34 1 7 3k 7
(a1, /7)

Tig. 4. — Percentage modulation of the electron beam vs. x = 2r AT, /r where AT, is
the maximum time spread for the electrons and w is the beat frequency.

TasLE 1.
‘1 l 0 ‘ nf2 ‘ n 3n/2 2n 3n 4in
i o 1 1 -+ 0.827 — 0.084 — 0.458 — 0.304 + 0.039 -— 0.076
LB l 0 ; + 0.700 + 0.774 + 0.321 ~— 0.097 + 0.029 | — 0.01
§ y% | 100 | 93 78 55 31 5 7.6

54, Writing speed limitation. — The discussion and analysis of the charac-
teristics of the image tube have been based on the performance characteristics
of the KG &G Model KR-5 cathode-ray tube [14]. In a similar tube GoLDBERG
has reported a writing speed of 3-10'* spot diameter/s[15]. This speed is
related to single shot experiments thus the beam intensity required to obtain
a photograph in §-10-1% 5 is involved. In our repetitive (current accumulating)
experiment the upper limit of the « writing speed » is given by the time-of-flight
spread of clectrons within the electron focusing and deflecting system. This
time-of-flight spread has to be added to the ones calculated in the present
analysis for the photoelectron acceleration procedure.

tomaider he path length from the accelerating grid to the fluorescent
sereny e be D=2l and that an electron can have a lateral displacement d
within the aperture of the beam.

The path traversed by the elctron is fs_hen 20’ rather than 2! and the dif-
ference in path length will cause a time spread:

s\ 1d
1’2(12—|—d2)*=l(1+l—2) :l(1+—2_ﬁ) y

1d
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and
Al

AT—_—‘-‘V—m.

For the EG&G tube I ~ 25 cm and d= 0.25 cm, therefore Al=1.25-10—% cm and

1.25:10 ‘
AT = =220 P g 9510195

t

This time spread is less than the time spread in ‘the acceleration process of
the photoelectrons (eq. (23)). '

Conclusion: The analysis given in this Section shows that the upper fre-
quency limit for the operation of the proposed tube is given by the initial
velocity spread of the photoelectrons. If we require a beam modulation ampli-
tude of 309, or greater, the upper frequency limit of operation is ~ 1.5-10** Hz
with an accelerating field (at the cathode) of 25 kV/em and ~ 3-10'2 Hz with
a field of 50 kV/em. o

6. — Stability and noise in the frequency measurement.

The accuracy in the measurement of the frequency
4 p=w—n

is limited by the fluctuations in w, £2, and by noise current.

Since the optical frequencies ¥, and v, are derived from two different oscil-
iations (resulting from two different atomic transitions) of the same cavity,
the fluctuations in », and », are correlated. By neglecting small nonlinear
wﬁ’u;cts of mode pulling [16]

. [4
Vv, = nlﬁ
and
[
V= nzﬁ ’

where », and n, are integers. Therefore
V= V= = (B — M) 55

and for a small change 3L

)

vy Yy ) L
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(29) 8(«):%) S,

where » is either one of the optical frequencies. Thus, the fluctuation in w
ix diminished in proportion to the ratio of the beat frequency and the optical
frequency. Taking Ay~ -+ 5 kHz which appears to be the present long-term
stability with lasers[17]} Aw~+ 15 Hz for o ~10'2 Hz.

The stability of the driving frequency £ can be made 1 Hz without great
cffort. Since {2 is frequency multiplied by the mask number = in the experi-
ment and n~ 102, the major fluctuation in u is expected to come from the
instahlity in £ rather than from the laser. Both instabilities result in the
precision of o to about one part in 10,

The probability character of the photoelectron emission results in shot
noise. It can be shown by a qualitative argument, that the frequency instability
in the measurement of yx, caused by noise, is much lass than one part in 10w,

In the frequency measurement, the output current I is a function of u.
The sensitivity of the measurement is proportional to the slope 8= aI(u)/du.
Therefore, an uncertainty in the current 3I results in an uncertainty

81 (w)
(30) =g

The bandwidth of the filter, Au,, must be larger than the bandwidth Ay
given by the frequency fluctuation of the input signal. A reasonable value
for the filter bandwidth is

A,uf ~ 10 A‘u .
An upper limit for the slope S can be taken as

I
g - 1w
A‘uf
andy from eq. (30),
RY4
(3“) 8#:7“A‘u[.
ITsing the shot noise formula

012 = 2¢I A,
we obtain

(392 Su = V%f(ATu@ :

If we consider a 20 microwatt power output for each laser line and a photo-
efficiency of 107* at 1.1 (S1 photosucface) then I =1.6-10"* A. With a filter
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bandwidth Ay, =10° Hz,
du~0.5Hz,

which is less than 17100 of the fluctuation Ap =100 Hz caused by the micro-
wave frequency instability 0.

7. — Summary.

It was shown in Sect. 3 that a measurement of the wave-number separation
K ~ 40 em™! could be made with a precision of one part in 108 using a Fabry-
Perot interferometer of 1.5 meter length.

It was shown in Sect. 5 and 6 that the measurement of the beat frequency
o =102 Hz (corresponding to K = 40 em™!) is feasible and its precision could
be made one part in 1079,

Therefore, a measurement of the velocity of light with a precision of one
part in 10* could he done in a laboratory of conventional size.

*® K ok

It is a pleasure to thank P. L. BENDER, R. D. HuxToON, K. G. KESSLER,
. G. LUTHER, W. (. MARTIN, and W. G. SCHWEITZER for several illuminating
discussions.

APPENDIX

Dopartures from the ideal conditions of modulation.

11 the treatment of the beat experiment ore has to take into account that:
1) the Z-modulation of the cathode-ray beam with the frequency w
i< ot pure havmonic;
2) the transpareucy function of the mask is not pure harmonic.
Sueh lepatres fram the ideal case can easily be accountedfor by repladin,

the cosine terns in eqs. (1) and (5) by the Feurier expansions of the modulatios.
functions, Then

(A1) I = 1,[3 a cos kot + o] [3 i cos 2al2t + )] -
k=0 =0

A general remark can be made about the amplitude a.. Since it is planned
to measure the very hyghest frequencies detectable in the experiment, the
higher harmonics k of @ will not be well resolved. Thus beyond k=0 and
=1, the a; awmplitudes will rapidly decrease with increasing k.
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There are several effects which would give rise to the anharmoniecity of
the transparency function. Such effects are, for example,

a) the wave structure of the mask is distorted,

b) the mask transparency may not be sinusoidal.

In using the mask in the high-frequency-beat experiment, errors appear if
¢) the fluorescent sereen illumination is net linear with beam intensity,

d) the beam deflection is not exactly centered around the center of the
mask,

¢). the amplitude of the beam deflection does not eactly match the size
of the mask,

f) the photomultiplier does not give a uniform response to the full
extension of the kask,

@) the XY-deflection of the beam is not sinusoidal in time, etc.

It is important to point out that all the imperfections a), ..., ¢), and
othevs, can only lead to a simple line spectrum given by the Fourier expansion
0. eq. (A.1) with the frequencies 1£2 and amplitudes a,. This can be seen in
the following way. Let the transparency (as seen by the photomultiplier)
be any function F{x) of the position co-ordinate in the mask. Now the position
co-ordinate of the moving beam spot will be a periodic function, say ¢(t), of
the time, i.c.,

where T=1/Q. Thus F(z)= Flp(t)] is a periodic function of the time with
the period 7.

Therefore, imperfections in the mask and in its use can be characterized by
the statement that the mask numbert «# splits up into a speetrum of integers 1.
The breadth of this spectrum deperds on the imperfections, but certairly the
values of ! which are near » will be the most significant in the experiment.
Therefore n, for which the mask is prepared, still retains its significance and
will further be called the mask nuaher.

In contrast tn the single doubl v of the ideal experiment, the harmonics
in eq. (A.1) lead to a multiplicity of beats in the output of the phLotetube.
Thev are characterised by the frequercies ko —1Q. Tn case the low-fieynency
firer no1s nxed, one obtains

(4.2 ko- 2=4pu.

1) ¥irst the case K =1 is treated. For each value I a doublet

(A.3) QH:‘”'IH’, Ql_—w;”,

it obtained with the center 2, = o/l and doublet separation 2u/l. The centers
of the I-th and (I 4- 1)-th doublet are separated by

1 1

Q,— -Qz+1= Qzﬂ“i = Qzﬂ’l‘ ’
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cdnsequently
1= B
L2 1 QHI
and also :
Ql—l
A4 l=—=-_2""1
(A-4) [N

Thus eq. (A.4) gives means for the determination of the « order number » 1 of
a doublet by measuring the frequencies of the doublet centers and using the
« order separations », Q,— £2,4, or 2, ;— Q,, of neighboring doublets.

The knowledge of the order number [ determines the high frequency to be
measured as

(A.5) w = lQ(

without ambiguity.

The knowledge of the mask number n facilitates location of the doublets
when arranging an experiment. For example if n = 100, the doublet separation
is expected to be ~19% of 2u and the order separation ~19, of 0.

2) For k>1 only the beats between kw and '~ k12 can result in low
frequencies equal to . For these

(A.6) w—Vin%.

These lines appear within the doublets given generally by eq. {A.3) and repre-
sent lines which are at the distances -+ pu/2, 4 u/3, 4+ u/4, ... from the center.
It is to be expected that their amplitudes decrease rapidly with increasing k.
If they can be detected they can be utilized as additional information for the
determination of the doublet centers.

Model experiments.
With the mask of Fig. 2 model experiments have been performed with
o =107 Hz , u=2-10*Hz.

£ was slowly varied around 10° Hz. The output of the filter was viewed on
an oscilloscope and it also was introduced through a diode demodulator into
a recorder. The frequency £ was read on a frequency counter. The recorder
output as a function of £ is shown in Fig. 5. The doublets appear at the fre-
quencies as expected. The separation in the doublets is

9.0.104
~£1£:400Hz
100
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and the separation between neighboring doublets is

100
~—— = H' .
100 10° Hz

No additional lines within the doublets (corresponding to k> 1) could be
detected in the experiment.

9]

[10]
[11]
f12]
[13]

[14]
[15]

[16]
{17]
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Dispersion Characteristics of the 1.15. Re-Ne Laser Line*
H. 8. Boyne
M. M. Birky

W. G. Schweitser, Jr.
Atomic Physics Division, National Bureau of Standards, Washington, D. C.

An experimental investigation of the dispersion characteristics
of the 1.15, He-Ne laser line (2.2-294) due to mode pushing cffcctnl
shows that the predicted behavior of the frequency devigtion Av re-
sulting from a variation in the relative iunversion density above
threshold is complicated by s neighboring neon absorption transition.
In order to investigsate this perturbation we have obtained dispersion

curves by modulating the inversion density in the following ways:

a) Power modulation of the plasma diochargc.z
b) Modulation of 282 level in neon by optically pumping the

38 He level with the 238 - 232 1,083, He line.

2
¢) Modulation of Zpa lavel of neon by optically pumping it
with the 1l4-2p4 .6096u line and the 1.5 - 2p4 <5944,

line in neon.

The experimental arrangument used for obsarving the frequency
dispersion curves is schemati:ally represented in Figure 1. Two
1.15u He-Ne lasers of 1 meter length and flat plate internal mirror

3

construction® were locked together at a frequency difference of 10.7

MHz. Since the dominant frequency fluctuation rate of the unlocked

*This research was supported in part by NASA Goddard Space Flight
Center, Contract No. $-49296(G).
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lasers was a few hundred cycles and below, a servo loop gain which
falls to unity at 1 kHz was used to lock system. The resulting
beat note had a spectral width of ~ 4 kﬂz.a
The modulation of the inversion density 5N which results in
the frequency deviation v is accomplished by modulating the rf
power or by optical pumping as described below. The resulting
frequency deviation is detected at the discriminator output. This
signal is then fed into a phase sensitive detector tuned to the
modulation frequency and displayed on the y axis of an x-y recorder.
The resulting dispersion curve is obtained by slowly sweeping the
length of both lasers magnetostrictively and applying the sweep
voltage to the x axis of the recorder. The frequency deviation 5v

depends on the difference between the laser frequency and the fre-

quency of the atomic line center and is given by1

yor 2yab 1 Yab(f“n-w) Z(On-u)) \

R * Toga BN

fv. ™ 1/2
n 4 2 a2
2Yab -0-(!'.“rl 1)

where the first term in the bracket arises from the variation of

frequency pushing with the depth of the hole burmed in the gain
curve and the second term is a linear approximation to the disper-

sion of the normal gain curve. é is the passive cavity bandwidth

n
of the laser, Yab/m is the natqral width of the laser transition,

Ku is proportional to the Doppler width, Yo is the laser frequency,
Qn is the cavity frequency, w is the frequency of the transition
at the line center and AN is the relative excitation above oscilla-

tion threshold. This equation is valid to first oxder in Y ab/Ru
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and which are of order 0.15 for this experiment. Rvn approaches

n
Ku
zero linearly as (ﬁn-u) - (0 provided there are no neighboring transi-
tions whose dispersion contributes to fv. Such a contribution is

evident in all the dispersion curves shown in Figure 2. 3ince these
curves were taken using 1 meter lasers in single mode operation, the

naximm relative excitation above threshold RNnax is restricted to

1%=2%. Therefore with Yab/e = 90 “Hz and % ~ 1.5 Mz, ("n-'u) i

n
43 Mz, ﬂvmax'” 4 kHz. In each of the curves in Figure 2 the modu-

Tation of the relative excitation was approximately 5% of RNmax
thereby giving a 8v ~ 200 Hz. Yap V88 obtained by solving equation 1
for the extreme values of (ﬁn—ua. Assuming Ku = 500 MHz, then avn -

= 90 MHz.

Yab [ »
Figure 2a shows the results obtained by modulating the rf

power to the discharge at a 4 kHz rate, thus modulating the relative
excitation of the 252 and 2p4 levels. With rf modulation there is
a background of = 650 Hz on the observed %v which is due to the
dispersion of the plasma electrons and to other nearby neon lines,
pxincipally the 2p7-2sA 1.15232 absorption line.

Curve 2b was obtained by optically pumping the 23S-Z3P 1.033u
Iia line. Since the principal excitation mechanism of the 28 neon
levels is by energy exchange with the 238 metastable helium, the

23

S He — 28 Ne exchange rate is modulated (Figure 3). This type
of modulation minimizes the dispersion effect of the electron plasma

but still affects the 254--2p'>,+ transition and causes a shift of



bypm

~ 250 Hz in 6v at the line center. The optical pumping was accom-
plished by modulating the intensity of a He Geissler tube placed

about 4 inches from and parallel to the laser discharge tube (Figure 1).
The radiation from thé lamp was confined to the region around the

laser discharge by diffuse reflectors. This method of li:ht collec-
tion was found superior to a lens system. The intensity of the lamp
was modulated at a 4 kHz rate. This produced a modulation of approx-
imately .05 ﬁNmnx which is limited by the intensity of the lamp.

Curve 2c was obtained by modulating the population density of
the lower 2p levels of neon with a Ne Geissler tube replacing the He
lamp in the configuration described above (Figure 3). The neon lamp
modulates both the 2p4 and 2p7 levels which contribute a background
to Av as seen in Figure 3c. However, the effect of the 284*2p7
transition is considerably reduced. It is interesting to note the
resultg of attempts to igolate specific Ne lines. A series of
Corning high frequency sharp cutoff filters was used to igolate the
1a2-2p4 transition. Optical pumping with this line had a negligible
effect on the modulation of the 294 level population.

Curve 2d was obtained in a mamner similar to 2c except that
narrow bandpass filters were used to discriminate against the levels
connecting the ls levels to the 2p7 level. The relative intensities
of the pertinent lines both with and without the narrow bandpass

filters are as follows:
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Narrow Band

Transition Unfiltered Ne Lamp Filtered Ne
ls,-2p 6 0
ls§-2p; 1 0
134‘2p7 2 025
185-2p7 0v6 -25
132-2p 3 0
184-2p4 1 1
155-2p4 0.7 0.7

It 1s seen that curve 24 more nearly approaches the result predicted
by Equation 1. There is some asymmetry in the dispersion curve
which is conceivably due to @ pressure induced asymmetry in the
laser transition.s

In all three modulation schemes the effect of modulating the
relative excitation also causes a modulation in the output power
of the laler_line. In the case of the rf power modulation the
relative excitation increases with increasing power. However, in
both the He and Ne optical pumping an increase in the intensity of
the lamp causes the relative excitation above threshold to decrease.
This corresponds to absorption of the pumping radiation.

The dispersion resulting from modulation of the inversion
density by optical pumping with neon can be used to develop an
error signal for stabilizing the 1.15u line to the atomic line
center.6 Thislﬁyp. of stabilization should be equally effective
for the .6328u 302~2p4 laser lfné.

it 1s a pleasure to acknowledge helpful discussions with Z. Bay

and G. G. Luther.
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DISPERSION CHARACTERISTICS OF THE 1.15-x He-Ne LASER LINE'

(Ne absorption transition; E/T)

An experimental investigation of the dispersion
characteristics of the 1.15-u He-Ne laser line (2s,—
2p,) due to mode pushing effects> shows that the
predicted behavior of the frequency deviation &v
resulting from a variation in the relative inversion
density above threshold is complicated by a neigh-
boring neon absorption transition. In order to
investigate this perturbation we have obtained dis-
persion curves by modulating the inversion density
in the following ways:

H. S. Boyne, M. M. Birky, and W. G. Schweitzer, Jr.
Atomic Physics Division

National Bureau of Standards

Washington, D. C.

(Received 30 April 1965; in final form 3 June 1965)

ot

power modulation of the plasma discharge.?

2. modulation of 2s, level in neon by optically
pumping the 23S He level with the 23§ — 2°P
1.083-u He line.

3. modulation of 2p, level of neon by optically
pumping it with the 1s, — 2p, 0.6096-u line and
the 1s5 — 2p, 0.5944-p line in neon.

The experimental arrangement used for ob-
serving the frequency dispersion curves is schemati-
cally represented in Fig. 1. Two 1.15-u He-Ne
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lasers of 1-meter length and flat-plate internal
mirror construction* were locked together at a
frequency difference of 10.7 MHz. Since the domi-
nant frequency fluctuation rate of the unlocked
lasers was a few hundred cycles and below, a servo
loop gain which falls to unity at 1 kHz was used to
lock system. The resulting beat note had a spectral
width of ~4 kHz?

The modulation of the inversion density 8N
which results in the frequency deviation &v is ac-
complished by modulating the rf power or by opti-
cal pumping as described below. The resulting
frequency deviation is detected at the discriminator
output. This signal is then fed into a phase-sensitive
detector tuned to the modulation frequency and
displayed on the y axis of an x-y recorder. The
resulting dispersion curve is obtained by slowly
sweeping the length of both lasers magnetostrictively
and applying the sweep voltage to the x axis of the
recorder. The frequency deviation 8v depends on
the difference between the laser frequency and the
frequency of the atomic line center and is given by?

~ lz —_2Ya a0 (2 — w)

& .= ] Ya

g 20 {[1 V*rrKu] 2y + (2, — @)?
20— w)

vm—} .

where the first term in the bracket arises from the
variation of frequency pushing with the depth of
the hole burned in the gain curve and the second
term is a linear approximation to the dispersion of
the normal gain curve. »/Q, is the passive cavity
bandwidth of the laser, yq, is the natural width of

®
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Fig. 1. Block diagram of the experimental arrangement used
for observing the frequency dispersion.
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the laser transition, Ku is proportional to the Dop-
pler width, v, is the laser frequency, £, is the cavity
frequency, w is the frequency of the transition at
the line center, and 8N is the relative excitation
above oscillation threshold. This equation is valid
to first order in ygpx, and ({1, — w)/Ku which are of
order 0.15 for this experiment. 8v, approaches
zero linearly as ({}, — @) — 0 provided there are
no neighboring transitions whose dispersion con-
tributes to dv. Such a contribution is evident in
all the dispersion curves shown in Fig. 2. Since these
curves were taken using l-meter lasers in single-
mode operation, the maximum relative excitation
above threshold 8N, is restricted to 1%—2%.
Therefore with Y., = 90 MHz and »/Q, = 1.5
MHz, (2, — w) = 45 MHz, vy = 4 kHz. In each
of the curves in Fig. 2 the modulation of the rela-
tive excitation was approximately 5% of 8Nmax
thereby giving a v = 200 Hz. y,, was obtained by

200

- £ o _
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Fig. 2. Experimental dispersion curves: (a) dispersion re-
sulting from rf power modulation, (b) dispersion resulting from
He optical pumping, (c) dispersion resulting from unfiltered
Ne optical pumping, (d) dispersion resulting from filtered Ne
optical pumping.
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solving Eq. (1) for the values of () — w) at the ex-
tremes of the dispersion. Assuming Ku = 500 MHz,
then Av, = v, = 90 MHz.

Figure 2a shows the results obtained by modu-
lating the rf power to the discharge at a 4-kHz rate,
thus modulating the relative excitation of the 2s,
and 2p, levels. With rf modulation there is a back-
ground of =650 Hz on the observed &v which is
due to the dispersion of the plasma electrons and
to other nearby neon lines, principally the 2p; —
254 1.15282-p absorption line.

Curve 2b was obtained by optically pumping the
235-2%P 1.083-u He line. Since the principal exci-
tation mechanism of the 2s neon levels is by energy
exchange with the 23S metastable helium, the 23S
He — 25 Ne exchange rate is modulated (Fig. 3).
This type of modulation minimizes the dispersion
effect of the electron plasma but still affects the 2s,-
2p, transition and causes a shift of ~250 Hz in 8v at
the line center. The optical pumping was accom-
plished by modulating the intensity of an He Geissier
tube placed about 4 in. from and parallel to the
laser discharge tube (Fig. 1). The radiation from the
lamp was confined to the region around the laser

23p

He

Fig. 3. Partial energy-level diagram of the pertinent He and
Ne levels involved in the optical pumping method.

discharge by diffuse refiectors. This method of light
collection was found superior to a lens system. The
intensity of the lamp was modulated at a 4-kHz rate.
This produced a modulation of approximately
0.05 8Npax which is limited by the intensity of the
lamp.

Curve 2c¢ was obtained by modulating the popu-
lation density of the lower 2p levels of neon with a
Ne Geissler tube replacing the He lamp in the con-
figuration described above (Fig. 3). The neon lamp
modulates both the 2p, and 2p; levels which con-
tribute a background to v as seen in Fig. 3c. How-
ever, the effect of the 2s,-2p, transition is consid-
erably reduced. It is interesting to note the results
of attempts to isolate specific Ne lines. A series of
Corning high-frequency sharp-cutoff filters was
used to isolate the 1s,-2p, transition. Optical pump-
ing with this line had a negligible effect on the mod-
ulation of the 2p, level population.

Curve 2d was obtained in a manner similar to 2¢
except that narrow bandpass filters were used to dis-
criminate against the levels connecting the 1s levels
to the 2p; level. The relative intensities of the perti-
nent lines both with and without the narrow band-
pass filters are as follows:

Narrow Band

Transition Unfiltered Ne Lamp Filtered Ne
Is,-2p; 6 0
1s5-2p; 1 0
I1s4-2p; 2 .25
1s5-2p, 0.6 .25
1s,-2p4 3
Is4-2p, 1 1
1s5-2py 0.7 0.7

It is seen that curve 2d more nearly approaches the
result predicted by Eq. (1). There is some asymmetry
in the dispersion curve which is conceivably due to a
pressure-induced asymmetry in the laser transition.®

In all three modulation schemes the effect of
modulating the relative excitation also causes a mod-
ulation in the output power of the laser line. In the
case of the rf power modulation the relative exci-
tation increases with increasing power. However, in
both the He and Ne optical pumping an increase in
the intensity of the lamp causes the relative exci-
tation above threshold to decrease. This corresponds
to absorption of the pumping radiation.

The dispersion resulting from modulation of the
inversion density by optical pumping with neon can
be used to develop an error signal for stabilizing the
1.15-u line to the atomic line center.” This type of
stabilization should be equally effective for the
0.6328-u 3s,-2p, laser line.
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